The effects of hot rolling and subsequent tempering on particle erosion behavior of SUS403 MSS were investigated as a function of impact angle, reduction and grain size. The results indicated that, cutting is the dominant wear mode for material removal at oblique impact angle. At the higher impact angle, the mode is based on extrusion and cracking. However, at the medium impact angle, the wear is dominated by mode mixed with cutting and extrusion. The characteristics of the cracking are more obvious with increasing impact angle. The erosion rates of all reduction samples increase first and then decrease with increasing impact angle. The maximum erosion rate occurs at the angle of 45
Introduction
Martensitic stainless steels (MSS) are widely used in application for which a combination of moderate corrosion resistance and high strength is needed, for example, such as pump bodies, pipe fittings and turbine blades. Due to impact of hard and abrasive particles entrained in a fluid stream at high velocity, erosion is a common problem in these parts. Reducing the erosion wear of materials requires an understanding of the wear mode by which the material is removed. Two models have been employed to describe the erosion behavior for ductile materials and brittle materials respectively. Ductile erosion occurs by ploughing, micromachining and cutting, [1] [2] [3] [4] and maximum erosion rates occur for impact at $20{30
. Brittle erosion occurs by initiation and propagation of cracks induced by erodent particle indentation, 5, 6) and maximum erosion rates occur for impact at 90 . The erosion rate of material neither very soft nor very hard is generally exhibited as the mixture of these two models. 7) Brittle responses predominated at high impact angle, whereas ductile responses predominated at low impact angle. The angle of maximum erosion rates increases with increasing hardness of the materials. 8, 9) The influence of mechanical properties on erosion rates of materials have been studied extensively. [10] [11] [12] In general, erosion rates of material are not consistently correlated with any single mechanical properties. Hardness, ductility, yield strength and other properties are though to affect erosion damage sometimes with the mixed effects of these properties. 13) Mechanical or thermal treatments can alter the mechanical properties of the material. The effects of these processes on erosion rate have been discussed in detail. Naim and Bahadur 14) reported that a higher erosion rate was observed for both the oblique and the normal impact conditions due to an increase in cold working. Goretta 15) indicated that work hardening improved the erosion resistance of the copper. Bregliozzi 16) investigated the cavitation wear of austenitic stainless steels with different grain size. He concluded that the resistance to cavitation erosion increases with decreasing grain size. Korshunov 17) reported an increase of 2-5 times in abrasive sliding wear resistance of quenched and tempered steel when the grain size of steel was reduced from 100 to 10 mm. However, there is little work reported in the literature on the influence of hot rolling and tempering on the particle erosion of martensitic stainless steels. Thus, this study examines the effect of hot rolling and subsequent tempering on the erosion behavior of SUS403 MSS. Also investigated is the correlation between erosion rate and grain size as well as mechanical properties.
Experimental Details

Experimental material and mechanical properties
The experimental material with similar hot rolling and subsequent tempering has been studied in a previous study. 18) After rolling and tempering at 773 K, the material results in higher mechanical properties and in a good balance between hardness and ductility. Thus, the tempering temperature chosen for this study was 773 K. Only brief descriptions are given here to outline its treating process and mechanical properties. The chemical composition of SUS403 MSS is Fe-0.1C-13.17Cr-0.39Si-0.48Mn-0.02P-0.003S. Slabs with three thickness (16.5, 20 and 28 mm), were prepared to roll for three reductions (15, 30 and 50%) in a final thickness of 14 mm, respectively. These slabs were first homogenized to eliminate segregation by holding at 1273 K for 24 h, and then air cooling down to room temperature. The obtained slabs were preheated to 1283 K for 2 h, and then removed from the furnace and rolled at an entry temperature of 1173 K. After rolling, the slabs were quenched in water. Finally, these slabs were double-tempered at 773 K. After hot rolling and tempering, at least 2 mm was machined off to remove the decarburization layer. Then, the slabs were cut into 50 mm Â 35 mm Â 6 mm shapes parallel to the previous rolling direction for erosion tests. In order to investigate the effect of reduction on erosion rate, one set of slabs was treated as direct quenched from 1283 K and tempered at 773 K without rolling for comparison, measuring result of its grain size is 28.6 mm.
The resulted microstructures of SUS403 MSS rolled with three reductions are shown in Fig. 1 . The matrix consists of tempered martensite and ferrite. The lining up of the strainfree and equiaxed ferrite grains is in agreement with the rolling direction. Large reduction results fine grain associated with high density of grain boundary. The results of mechanical properties, including hardness, ductility, ultimate tensile strength and toughness, as well as grain size are shown in Table 1 . It is note that the grain size was only measured on ferrite phase.
Erosion test
The specimens for erosion tests, after the above hot rolling and tempering, were polished with 800-grit SiC paper to remove surface scales. These samples were then subjected to erosion wear test. The erosion tests were conducted in a typical sand-blast type of test rig with a 5 mm size nozzle. The Al 2 O 3 particles about 177 mm in size and irregular in shape were used as the erodent. Erodent particles were fed to the test rig at a constant rate of 600 g/min by using a pressurized carrier gas of 0.3 MPa, whereas the erosion velocity at a distance from the nozzle tip of 30 mm was 83.2 m/s estimated by a single-shot high-speed photography. The erosion stream was impinged in the sample surface at different angles of 15, 30, 45, 60 and 90 ; while the amount of erosion particles was 6000 g for each run. To ensure reproducibility of the result, each erosion test was repeated at least three times. The samples were ultrasonically cleaned in acetone before weighting.
Short-term erosion tests were also conducted on alternative erosion specimens with each impact angle to characterize the erosion wear mode. These samples were pre-polished and pre-etched, then eroded by a total of 5 g Al 2 O 3 particles after the compressed air flow reaching steady state. Scanning electron microscopy (SEM) was applied to observe the surface and cross-sectional view of the eroded specimens for the evaluation of the wear mode.
Results and Discussion
Examination of eroded samples
The worn surfaces of any single certain impact angles for all reduction samples have a similar characteristic, only the 50% reduction samples were discussed here. The scanning electron micrographs of short-term erosion tests are shown in Fig. 2 . The surface of low impact angle (15 ) sample shows long and narrow groove, in which cutting chips can be found at the side of the groove, the grooves cut through both the martensite and the ferrite (Fig. 2(a) ). The surface of the specimen at the impact angle of 45 shows a mixture of cutting groove and extrusion crater (Fig. 2(b) ). Erosion tests at 60
and 90 reveal extrusion of lips and cracks, where the deformation band goes along with the side of lips also presented ( Fig. 2(c) ). It is therefore reasonable to summarize that the wear mode for lower than 30 is dominated by cutting; for the angle higher than 45 is based on extrusion and cracking; and a transition of mode mixed by cutting and extrusion occurs between 30 and 45 . The worn surfaces of the eroded specimens are shown in Fig. 3 . The results are similar to the short-term erosion tests, low impact angle erosion causes long and narrow cutting grooves but no surface crack could be observed (Fig. 3(a) ). For the medium impact angle, the equal of resolved shear stress and resolved normal stress produces cutting grooves and extrusion lips, where the craters and some surface cracks are found (Fig. 3(b) ). In high impact angle, resulting in normal stress, larger scale of surface cracks are observed but cutting mode is absent (Fig. 3(c) ). The cross-sectional view of sample impacted at 90 reveals more information about cracking, as shown in Fig. 4 . The metal has undergone severe plastic deformation nearby the surface such that both surface cracks and boundary cracks induced by erodent particle indentation are observed. When these cracks become connected, that causes the material to remove further. After in series observation of overall eroded samples, it clearly shows that the characteristics of cracking are more obvious with increasing impact angle due to the bigger resolved normal stress. Because the grain boundary provides the initiation and propagation sites of cracks, as a result, the erosion rates vary with the grain size. The effects of wear mode, grain size and mechanical properties on erosion rate were further discussed in the following section.
Erosion data
The results of erosion test of samples for all reductions are shown in Fig. 5 . The test results of direct quenched and tempered samples also show there for comparison. The variation of erosion rates with impact angle for all reductions exhibit a similar trend, which indicates that the erosion rates first increase with increasing impact angle up to 45 and then decrease. At lower impact angle (15 and 30 ), the resolved shear stress is higher, that provides a cutting force to take material pieces away. In this case, the cutting groove is shallow and the material loss and erosion rate are lower. For medium impact angle, the resolved shear stress and resolved normal stress is close to equal, those appropriate taking away force to remove the cutting chips and extrusion lips, which in turn raised the erosion rate. For higher impact angle (60 and 90 ), the resolved normal stress is higher, that provides bigger indented force to forming extrusion lips and cracks but the eroded pieces remove difficult than that impinge at medium and lower angles due to the lower shear stress, and as a consequence, the erosion rates reduce. The maximum erosion rate occurs at the angle of 45 , which shows that the two-phase material mixed with martensite and ferrite causes the angle of maximum erosion rate being neither close to [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] observed in ductile materials [1] [2] [3] [4] nor at normal angle reported in brittle materials. 5, 6) When the effect of reduction is considered, the erosion rates decrease with increasing reduction and are lower than those of direct quenched and tempered samples for all impact angles. These results reveal that the grain refining by hot rolling has an effect on decreasing the erosion rates. The percentage of decrement of erosion rate in comparison to the direct quenched and tempered samples, ÀðR À R o Þ=R o , (R o : the erosion rate of direct quenched and tempered samples, R: the erosion rate of samples after rolling) is shown in Fig. 6 , the percentage of decrement increases with increasing both the impact angle and the reduction. At the normal impact angle, the decrement of erosion rate is approximately 45% when the material was rolled with 50% reduction, in which the grain size of the material was reduced from 28.6 to 8.5 mm. One reason to explain this phenomenon is that the strengthening effect in mechanical properties by grain refining enhances the bonding force of the grain boundaries, thus, the initiation and propagation of the cracks at grain boundary are restricted. Fine grain structure also leads to an increase in the density of grain boundary, which alters the cracking path. Another reason is that the importance of cracking on erosion increases with increasing impact angle. Therefore, taking away the material pieces is decreased with an increase in the reduction and a corresponding increase of the impact angle. On the other hand, coarse grain provides less grain boundaries for impeding crack connection such that the erosion rate is raised. At lower impact angle (15 and 30 ), the effects of reduction on decreasing erosion rates decrease because the dominant wear mode is cutting, i.e. the effect of grain refining on erosion rate is only slightly when the cracking is absent. This result suggests that the effects of reduction through their grain refining on decreasing erosion rate are more obvious with an increase of the impact angle.
Correlation between erosion rate, grain size and mechanical properties
The relationship between the erosion rate of the experimental material and its grain size is shown in Fig. 7 . At 15 and 30 of impingement, the grain size appears to have only marginally effect on the erosion rates, because the matrix underwent cutting rather than developed cracks. As described earlier, if cracking is absent, varying the grain size would have slightly effect on the erosion rate, and thus the slop of the curves is lower than the others. However, for impact angle higher than 45 , grain refining significantly decreased the erosion rates. Metallographic evidences reveled that the reason for this erosion behavior is cracks developed under the erosion stream. Once cracks are initiated, these cracks might propagate along the grain boundary (Fig. 4) . Fine grain associated with high density of grain boundary and with strengthening effect in mechanical properties retards the crack initiation and alters the cracking path. Consequently, decreasing grain size could lead to lower erosion rates. The slop of the curves increases with increasing impact angle, suggesting that the effect of grain refining on decreasing erosion rate is more obvious when the mainly wear mode is cracking. Figure 8 shows the plot of erosion rate against hardness and ductility. There is a decrease of erosion rate with an increase in both hardness and ductility. This result is opposite to the observation of previous studies, 14, 19, 20) in which the erosion rate increases with increasing hardness due to the loss in ductility. In this study, increase of hardness also decreases the erosion rate of the material because it retains sufficient ductility. This comparison clearly shows that increasing hardness or strength could decrease the erosion rate of the materials if their ductility or toughness is not lost.
The graphs of erosion rate as function of hardness, ductility, tensile strength and toughness (the last two are not shown) demonstrate that the erosion rate of the experimental material decreases if there is an increase in the mechanical properties due to the decrease of the grain size. All of them are effectively in decreasing the erosion rate of the experimental material.
Conclusions
The particle erosion behavior of SUS403 MSS after hot rolling and subsequent tempering was investigated as a function of impact angle, reduction and grain size. The erosion rate of the experimental material can be correlated to the grain size and mechanical properties. The results obtained are listed below:
(1) For the experimental material mixed with martensite and ferrite, cutting is the dominant wear mode for material removal at oblique impact angle. At the higher impact angle, the mode is based on extrusion and cracking. However, at the medium impact angle, the wear is dominated by transition of mode mixed with cutting and extrusion. The characteristics of cracking of the worn surface are more obvious with increasing impact angle. (3) Hot rolling has an effect on decreasing erosion rates due to the grain refining. The percentage of decrement of erosion rate increases with increasing both the impact angle and the reduction. At the normal impact angle, the percentage of decrement of erosion rate is approximately 45% when the material was rolled with 50% reduction, in which the grain size was reduced from 28.6 mm without rolling condition to 8.5 mm. (4) The effect of grain refining on decreasing erosion rate is more obvious when the mainly wear mode is cracking. Consequently, grain refining could decrease the erosion rate at high impact angle, but have slight influence on erosion rate at low impact angle. (5) For the experimental material, an increase in the mechanical properties including hardness, ductility, tensile strength and toughness due to grain refining are contributed to decreasing the erosion rate.
